I. INTRODUCTION
Light microscopy is one of the most important techniques to study processes on the cellular level. However, the resolution of conventional light microscopes is limited by diffraction to approximately half the wavelength of the probing light, as described by Abbe in 1873. 1 This limitation was overcome in the late 20th century by the introduction of superresolution microscopy techniques including stimulated emission depletion (STED) microscopy. 2 STED is a fluorescence microscopy technique, where a Gaussian focal spot excites the dye molecules in a diffraction limited volume. Before spontaneous emission occurs, a red shifted focal spot featuring a central intensity minimum (zero) switches the molecules in the periphery of the Gaussian excitation spot off by stimulated emission. The depleted effective fluorescence volume becomes smaller compared to the diffraction limited confocal counterpart. Thus, a higher resolution is achieved. When increasing the intensity of the STED beam, the diameter of the lateral volume from which fluorescence is still emitted decreases ∝ 1/ √ 1 + I/I s , where I is the intensity of the STED beam and I s is the dye specific saturation intensity. 3 I s defines the STED light intensity needed to reduce the dye fluorescence by half. a) Authors to whom correspondence should be addressed: f.winter@abberior-instruments.com and c.wurm@abberior-instruments.com.
Essential for STED microscopy is the quality of the central STED focal spot minimum, where the STED intensity should be ideally zero. Otherwise a subset of the excited dye molecules in the volume center are unintentionally switched off and the fluorescence signal as well as the effective resolution decreases in the STED image. 4 Depending on the shape of the focal intensity distribution of the STED beam, resolution enhancement can be achieved in several directions. We distinguish 1D-STED (x or y direction), 5 2D-STED (xy directions/lateral), 6, 7 z-STED (mainly for z direction but also for xy), and 3D-STED (xyz directions). [8] [9] [10] For 3D-STED, two STED beams have to be incoherently combined and kept superimposed, one having a 2D-STED point spread function (PSF) and the other having a z-STED PSF. This enables independent tuning of the axial and lateral resolutions. The various PSFs, i.e., shapes of the STED beam focus, are created by specific phase patterns imprinted onto the wave front of the STED beam. These phase patterns are typically created by using a fixed phase retardation plate or a spatial light modulator (SLM).
In the last decade, a doughnut-shaped focal STED intensity distribution was mostly used to enhance the resolution in the lateral plane of the sample (2D-STED). Many biological studies using 2D-STED with an oil immersion objective have been published for fixed and immunolabeled cellular specimens (i.e., . In some reports, researchers successfully applied 2D-STED with an oil immersion objective Rev. Sci. Instrum. 89, 053701 (2018) in live-cell experiments. [18] [19] [20] [21] Only in a handful of reports, the objective was changed to glycerol immersion 22, 23 or to water dipping 24 objectives for 2D-STED imaging deep inside living brain slices. Some reports in the field of fluorescence correlation spectroscopy (FCS) used water immersion objectives in combination with z-STED 25 or even 3D-STED 26 for investigating single molecule dynamics. However, to our knowledge, no reports employed water immersion objectives with 2D-STED or even z-STED for imaging. This is predominantly because for 2D-STED measurements other objectives achieve higher resolutions due to their higher numerical aperture (NA). The situation of z-and 3D-STED is more complex. Even though it is in principle possible to use z-and/or 3D-STED for biological research, these techniques have not been well established yet. One reason is the phase mask element necessary for creating the z-STED PSF. It has to match the back aperture size of the employed objective. 27 Another aspect are spherical aberrations which distort greatly the z-STED PSF when observing processes at great depths in living tissues. It is difficult to accurately correct for these aberrations rendering z-and 3D-STED much more challenging than 2D-STED. For this matter, the focus of this paper lies on the z-STED mode in combination with a water immersion objective. Spherical aberrations arise due to the refractive index mismatch of the immersion liquid and the embedding medium, [28] [29] [30] i.e., the combination of an aqueous embedding medium with an oil immersion objective. While the central intensity minimum of the 2D-STED PSF along the optical axis remains unaffected by spherical aberrations, they directly lead to a deterioration of the z-STED PSF as the vital central minimum (ideally zero) loses its contrast to the maximum of the STED PSF distribution. Therefore, the achievable resolution of the system worsens and the fluorescence signal is suppressed. The situation can become so severe that acquiring a z-STED image is no longer possible. Furthermore, this effect increases greatly with rising penetration depth majorly effecting the resolution enhancement and creating a dire need for aberration corrections. Earlier studies demonstrated in a certain range compensation of spherical aberrations in the STED beam path via an SLM 31 or simultaneously for illumination and detection with a deformable mirror. 32 Both reports used fixed cellular samples and an oil immersion objective. This combination induces less spherical aberrations since the resulting refractive index mismatch is smaller. In living specimens, the water like embedding medium leads to stronger spherical aberrations when using an oil immersion objective and can only be corrected to a small depth. For successful z-STED imaging deep inside living cellular specimens, it is thus crucial to avoid spherical aberrations. This can be easily achieved by using water immersion objectives.
Here we use a STED setup featuring an SLM to create the phase patterns matching the current objective and allowing for active aberration correction of the STED PSFs. This design enables choosing the objective with the best 2D-and z-STED performances without any need of adapting the microscope's optics each time the objective is changed. Furthermore, we derive theoretically and show experimentally the dependency of the axial resolution on the NA of four different objectives. With the here described setup we achieved, to our knowledge, the highest axial STED resolution in living cellular specimens.
II. MATERIALS AND METHODS

A. Microscope setup
We performed STED measurements with several objectives to measure resolution, image brightness, and penetration depth. Imaging was done on an Abberior Instruments Expert Line microscope (Abberior Instruments, Göttingen, DE), equipped with an SLM based easy3D module and an Olympus IX83 microscope body. A pulsed 635 nm laser (pulse width, 80 ps) was used for excitation and a pulsed 775 nm laser (pulse width, 1.2 ns) was used for STED. Both lasers were synchronized and operated at 40 MHz. The time-gated detection of the fluorescence was performed between 650 nm and 720 nm. The investigated objective lenses were all manufactured by Olympus (Tokio, JP): oil immersion UPLSAPO 100XO (NA of 1.4), silicone-oil immersion UPLSAPO 100XS (NA of 1.35), water immersion UPLSAPO 60XW (NA of 1.2), and water dipping LUMFLN 60XW (NA of 1.1).
All measurements shown here are taken with a z-STED PSF enhancing greatly the resolution along the optical axis (z direction) and to some extent in the xy directions.
B. Various STED modes for use with an SLM
One central element of the here presented setup is a spatial light modulator (SLM) roughly following the implementation of Lenz et al. 33 It generates the phase masks needed to create the point spread functions (PSFs) of the different STED modes. Moreover, the SLM can also actively alter the PSFs for aberration control. , bottom] features a central circle with a phase step of π. 3D-STED requires two phase masks (2D and z-STED) in two incoherently superimposed beams. All beams need to be circularly polarized for obtaining the here described PSF shapes.
C. Samples
PSFs were measured using 150 nm gold nanoparticles (Sigma-Aldrich, St. Louis, US). Resolution and fluorescence signal measurements were performed with dyefilled polystyrene beads (crimson beads; 40 nm, Thermo Fisher Scientific, Waltham, US). Sample preparation protocols were used as specified by the respective manufacturers. Beads were diluted from the stock solution in water (1:5000), attached to a cleaned coverslip surface prepared with undiluted poly-L-lysine for 5 min. The sample was mounted in Mowiol.
Live-cell imaging was performed using silicone rhodamine (SiR)-tubulin (Spirochrome, Stein am Rhein, CH) labeled cultured primary human skin fibroblasts. Labeling was performed according to the protocol given by Lukinavičius et al. 34 Fibroblasts were grown overnight on coverslips. Then they were stained with 100 nM SiR tubulin in serum free growth medium for 60 min under cell culture conditions. For imaging, the dye containing growth medium was exchanged to colorless medium DMEM gfp (Evrogen, Moscow, RU).
Imaging was performed at ambient temperature. Mammalian cell culture and immunolabeling for fixedcell samples were performed as described before, 35 using primary antibodies against Nup153 (Abcam, Cambridge, UK) and secondary antibodies coupled with STAR RED (Abberior, Göttingen, DE).
III. RESULTS
A. Influence of the circle diameter on the quality of the z-STED PSF
Considering an incident plane wave, the optimal zero in the center of the z-STED PSF requires a circle diameter d circle ∼ 0.71d BA of the used objective, 27 where d BA is the back aperture diameter. Since the STED beam has a finite diameter and its wave front in the back aperture is not a perfect plane wave, the experimentally used d circle differs from the theoretical optimum. This is of particular interest when changing between various objectives due to their different back aperture sizes. Moreover, d circle has a direct impact on the quality of the z-STED PSF minimum (Fig. 2) . The optimal performance can only be achieved when the phase mask is adaptable to match the back aperture size of the objective and the diameter of the STED beam. Both can be easily achieved with an SLM as a phase mask element. 
B. Dependence of the axial STED resolution on the NA
When choosing an objective for a certain application with high axial resolution requirements, the scaling of the achievable resolution with the NA needs to be taken into account. Note that NA = n sin θ, where n is the refractive index of the immersion medium and θ is the half opening angle of the objective lens. Here we derive the dependence of the axial resolution z minSTED for z-STED on the NA for high resolutions (STED intensity I dye saturation intensity I s ) and high NAs. Therefore, the focal STED intensity distribution I(x, y, z|n, NA) needs to be considered. Its amplitude is inversely proportional TABLE I. Dependencies of the lateral (xy) and axial (z) resolutions z minSTED on the numerical aperture (NA) for confocal 38 and STED imaging (2D, 39 z).
Lateral/xy
Axial/z
to the illumination PSF size which scales ∝1/NA along x and y directions and ∝ 1/ n − n 2 − NA 2 along the z direction.
This is the same scaling as in confocal imaging. 38 Therefore, the intensity distribution amplitude scales ∝NA 2 if its integral over a lateral plane, i.e., the beam power P, is kept constant and independent of z. We assume that absorption and scattering of the STED light along the z direction are negligible
Furthermore, I (x = 0, y = 0, z|n, NA) = I (z|n, NA) can be approximated in the vicinity of its minimum by a parabola (I(z|n, NA) ∝ z 2 ). 3 Together with the afore mentioned scaling factor for the z direction, it can be written as
Now, we define the resolution z minSTED to be the full-widthat-half-maximum (FWHM) of the fluorescence signal when I(z|n, NA) is equal to the dye saturation intensity (I s ),
where z minSTED /2 represents half the FWHM of the axial STED resolution as well as the distance from the focal plane at which I S is reached. Solving for z minSTED , one obtains
Table I summarizes the dependencies of the lateral (xy) and axial (z) resolutions on the NA for confocal, 2D-, and z-STED imaging.
TABLE II. Optical parameters, penetration depth, and measured axial resolution (FWHM) on 40 nm crimson beads right beneath the coverslip of four different objectives (oil, water, silicone-oil, and water dipping). The STED power in the sample was 214 mW and the pinhole size corresponded to 0.8 Airy discs. The penetration depth of the oil immersion objective was measured with z-STED on a fixed-cell sample (Fig. 3) , and for the water immersion objective a fluorescent bead sample was used (Fig. 4) . As can be seen from Table I , the lateral and axial STED resolutions have an additional factor NA in the denominator as compared to their confocal counterpart. This leads to a lateral (xy) and axial (z) resolution drop for STED imaging by a factor of 1.36 and 1.44, respectively, when changing from an oil immersion (NA = 1.4, n = 1.518) to a water immersion (NA = 1.2, n = 1.330) objective at the same STED power in the focus. For confocal imaging, the resolution drop in the lateral (xy) and axial (z) direction is smaller as compared to STED imaging with factors of 1.17 and 1.23, respectively.
To verify the theoretical results, 40 nm fluorescent crimson beads were imaged right beneath the coverslip with four different objectives and their average FWHM was determined. To obtain comparable results, a constant STED power in the sample and a pinhole size of 0.8 Airy discs were ensured. The results are given in Table II .
The values in Table II are in good agreement with the scaling proposed in Table I . Note that the STED power in the sample was limited to the maximum value obtainable with the smallest back aperture size (i.e., silicone-oil immersion objective) for comparison purposes. When applying the maximal available STED power of 343 mW for the water immersion and 320 mW for the water dipping objective, an axial resolution of 93 ± 2 nm and 143 ± 11 nm was achieved, respectively. All four objectives show an excellent axial resolution close to the coverslip if the phase mask's circle diameter is well optimized to the objective's back aperture.
C. Impact of spherical aberrations on the maximum penetration depth
With rising penetration depth, the refractive index mismatch between the embedding and the immersion medium 
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Rev. Sci. Instrum. 89, 053701 (2018) results in spherical aberrations. The latter induce distortions to the z-STED PSF leading to a loss in contrast to the central minimum (i.e., it takes a non-zero value). This majorly influences the fluorescence signal and therefore the resolution. 31 For an oil immersion objective, the distortions caused by spherical aberrations become so severe that already after a few µm of penetration depth z-STED imaging without aberration correction is practically impossible. With the use of an SLM, some aberrations can be compensated, increasing the maximum penetration depth. Figure 3 shows an xz-measurement with an oil immersion objective of a fixed-cell sample in a live-cell embedding environment. The nuclear pore complex (Nup153) was stained with STAR RED. Figure 3(a) displays the confocal measurement for comparison. As can be seen from Fig. 3(b) , only the nuclear pores close to the coverslip are clearly visible. When compensating for spherical aberrations with the SLM, also the nuclear pores at the far side of the cell (up to a penetration depth of ∼3 µm) appear as clear, high resolved spots [ Fig. 3(c) ]. Aberration correction was performed experimentally by optimizing the PSF shapes in the sample. For further deeper imaging, a water immersion objective is required (Fig. 4) . Figure 4 displays a comparison of the z-STED image quality at a penetration depth of 10 µm between an oil [ Fig. 4(b) ] and a water immersion objective [ Fig. 4(c) ]. Data were acquired from two lines of 40 nm fluorescent crimson beads spaced 10 µm apart [ Fig. 4(a) ]. Figure 4 illustrates that even at a penetration depth of 10 µm no z-STED image of the fluorescent beads can be obtained with an oil immersion objective, whereas the water immersion objective provides very clear z-STED images up to a depth of 180 µm [ Fig. 4(d) ]. Yet in confocal imaging, the water immersion objective leads to far better results as both bead layers are clearly visible. In the case of the oil immersion objective, the fluorescence signal from the second bead layer is very dim and not noticeable with the here chosen look-up table.
In a next step, a live-cell sample was imaged with a water immersion objective in which tubulin was stained with SiR-tubulin. Figure 5 depicts an xz-measurement in confocal [ Fig. 5(a) ] and z-STED mode [ Fig. 5(b) ] of two living cells being 37 µm apart along the optical axis. All tubulin strands perpendicular to the imaging plane appear as distinct, highly resolved round spots, regardless of the depth they are situated in. This is also highlighted in Fig. 5(c) which depicts the line profile between the two white arrows in Fig. 5(b) . Three tubulin strands are very well separated by z-STED (orange line) as compared to confocal imaging (blue line). The fitted data (gray line) agree excellently with the experimental results. Fitting was done using a superposition of three Gaussian peaks as a model. An axial resolution of ∼150 nm was achieved at any depth.
IV. DISCUSSION AND CONCLUSION
We have shown that for obtaining high resolutions along the optical axis with z-STED three key aspects need to be considered: the circle diameter of the phase mask generating the optimum STED PSF with low residual intensity in the central minimum, the numerical aperture of the used objective which directly influences the reachable resolution, and the refractive index mismatch between the immersion and the embedding medium which gives rise to unwanted spherical aberrations distorting the PSFs. Here, we overcame all these issues by using a water immersion objective with a high NA of 1.2 in combination with an SLM. The latter enables phase mask optimization and therefore the interchangeable use of several objectives without the need of adjusting/changing any other optical elements in the setup.
We have demonstrated that a slight mismatch of only 5% from the optimum circle diameter of the z-STED phase mask leads to a significant fluorescence signal loss of 60% (Fig. 2) during z-STED imaging with a STED power of ∼230 mW. Such a mismatch would majorly hamper image quality and achievable resolution.
We have derived theoretically and verified experimentally for four different objectives the dependence of the axial STED resolution on the NA. We have found the resolution to be proportional to 1/ NA n − √ n 2 − NA 2 (Tables I and II) . With a water immersion objective (NA = 1.2), we achieved an excellent axial resolution of 93 ± 2 nm in a fluorescent crimson bead sample.
Furthermore, we have investigated the maximum penetration depth in aqueous samples for an oil and a water immersion objective. We have shown that without compensation for spherical aberrations in z-STED imaging the penetration depth of an oil immersion objective is limited to ∼1 µm. When correcting for spherical aberrations with the SLM the maximum penetration depth could be extended to ∼3 µm (Fig. 3) . The maximum penetration depth might be pushed further than 3 µm, but this depends on the applied STED power and the area used on the SLM. In greater depths, a water immersion objective is by far the best choice (Fig. 4) . With such an objective, imaging up to 37 µm deep into a living sample with an axial resolution of ∼150 nm did not pose any problems (Fig. 5) . In an artificial sample consisting of fluorescent crimson beads, the maximum penetration depth was 180 µm (Fig. 4) limited by the working distance of the objective. Note that theoretically, spherical aberrations do not limit the penetration depth when using a water immersion objective since the refractive index mismatch is almost negligible. But other factors such as specimen induced aberrations, the maximum working distance, scattering or absorption still restrict the maximum penetration depth.
However, the choice of objective strongly depends on the application. Silicone-oil objectives are well suited to study brain tissues due to their matching refractive indices and water dipping objectives have a relatively high working distance useful for additional patch-clamping. For imaging close to the coverslip, an oil immersion objective provides the better resolution due its higher NA compared to a water immersion objective. But for imaging deep into living specimens in aqueous surroundings, a water objective leads to the best results and is consequently the only choice.
Thus, the work presented here marks an excellent starting point for tackling and studying complex biological processes with the need of high axial resolution. Moreover, it provides a good platform for further explorations of aberration control and correction in STED microscopy. The here-used method is also easily combinable with other techniques such as fluorescence lifetime imaging (FLIM), 40 time-gating, 41 excitation multiplexing, 42 etc., to yield a more complete characterization of the investigated issue. It therefore enables the examination of a wide range of biological questions in living tissues.
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